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We evaluated four dengue diagnostic devices from Alere, including the SD Bioline Dengue Duo (nonstructural [NS] 1 Ag
and IgG/IgM), the Panbio Dengue Duo Cassette (IgM/IgG) rapid diagnostic tests (RDTs), and the Panbio dengue IgM and
IgG capture enzyme-linked immunosorbent assays (ELISAs) in a prospective, controlled, multicenter study in Peru, Vene-
zuela, Cambodia, and the United States, using samples from 1,021 febrile individuals. Archived, well-characterized sam-
ples from an additional 135 febrile individuals from Thailand were also used. Reference testing was performed on all sam-
ples using an algorithm involving virus isolation, in-house IgM and IgG capture ELISAs, and plaque reduction
neutralization tests (PRNT) to determine the infection status of the individual. The primary endpoints were the clinical
sensitivities and specificities of these devices. The SD Bioline Dengue Duo had an overall sensitivity of 87.3% (95% confi-
dence interval [CI], 84.1 to 90.2%) and specificity of 86.8% (95% CI, 83.9 to 89.3%) during the first 14 days post-symptom
onset (p.s.o.). The Panbio Dengue Duo Cassette demonstrated a sensitivity of 92.1% (87.8 to 95.2%) and specificity of
62.2% (54.5 to 69.5%) during days 4 to 14 p.s.o. The Panbio IgM capture ELISA had a sensitivity of 87.6% (82.7 to 91.4%)
and specificity of 88.1% (82.2 to 92.6%) during days 4 to 14 p.s.o. Finally, the Panbio IgG capture ELISA had a sensitivity of
69.6% (62.1 to 76.4%) and a specificity of 88.4% (82.6 to 92.8%) during days 4 to 14 p.s.o. for identification of secondary
dengue infections. This multicountry prospective study resulted in reliable real-world performance data that will facilitate
data-driven laboratory test choices for managing patient care during dengue outbreaks.
Dengue fever is the most important arthropod-borne viral dis-ease in terms of human morbidity, mortality, and economic
impact (1). Dengue fever is caused by the dengue virus (DENV), a
flavivirus that can be classified into four predominant serotypes
(DENV-1, -2, -3, and -4) (2). DENV comprises three structural
proteins (capsid, membrane, and envelope) and seven nonstruc-
tural (NS) proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and
NS5). DENV is transmitted by mosquitoes, principally Aedes ae-
gypti andAedes albopictus. Clinically, dengue fever is characterized
by fever, headache, myalgia, arthralgia, rash, leukopenia, and
sometimes thrombocytopenia (3, 4). The severity of the disease
can range from asymptomatic or mild to severe with high fever,
hemorrhage, and shock (2, 5). Severe dengue can sometimes lead
to shock and even death, especially in the absence of fluid replace-
ment and modern supportive care (2). There is no vaccine or
antiviral drug to prevent or cure dengue fever (6). The only avail-
able treatment options are supportive therapies, including bed
rest, fluids, and symptomatic relief using analgesics (7, 8). The
accurate diagnosis of dengue followed by attentive supportive care
to manage severe dengue can demonstrably improve outcomes
(5). Managing the consequences of hemorrhage can save lives and
decrease hospitalization costs (9). A timely diagnosis of the disease
also enables health care professionals to exclude other causes of
febrile illness which presents with similar clinical symptoms in the
acute phase of disease in areas where dengue is endemic (9–12).
Early and rapid dengue identification is equally important for ep-
idemiologists and public health officers, providing a means of
monitoring dengue transmission dynamics in real time and allow-
ing for a more rapid response to dengue outbreaks. Rapid case
confirmation can also inform timely and focused vector control
measures, the most effective responses to outbreaks (13, 14).
One traditional method of diagnosing dengue infections in-
volves the incubation of acute-phase patient serum samples with a
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permissive cell line in tissue culture, followed by an immunoflu-
orescence assay (IFA) using serotype-specific monoclonal anti-
bodies to identify any growing virus (15). Although this method
requires several days, it is still regarded as a gold standard. More
frequently, an enzyme-linked immunosorbent assay (ELISA) is
used to detect an immune response toDENV infection in the form
of anti-dengue IgM or IgG antibodies (16). Serological responses
are detectable following onset of symptoms, and a rise in the titer
is determined with greater accuracy when paired samples from
both acute- and convalescent-phase time points are used (17).
Newer generations of dengue diagnostic devices also detect the
NS1 protein, which is released into the serum early on in a DENV
infection and may facilitate acute-phase diagnosis (18–21). A tra-
ditional ELISA can take several hours to complete and often in-
volves an overnight incubation step for special reagent prepara-
tion (10, 22). Thus, these techniques are not only time-consuming
but also labor-intensive, requiring trained personnel and special-
ized equipment. A delay in obtaining laboratory results can hinder
evidence-based patient care decisions, leading physicians to rely
on symptomatic diagnosis, the accuracy of which varies with phy-
sician experience (23–27).
The purpose of the current studywas to evaluate the diagnostic
accuracy of four devices fulfilling this critical need by conducting
a comprehensive prospectivemulticountry evaluation of two den-
gue rapid diagnostic tests (RDTs) and two ELISAs: the SD Bioline
Dengue Duo, the Panbio Dengue Duo Cassette, the Panbio den-
gue IgM capture ELISA, and the Panbio dengue IgG capture
ELISA (Alere Inc., Waltham, MA). The primary endpoints of our
trial were clinical sensitivity and specificity. The study was under-
taken using quality systems approaching good clinical laboratory
practices (GCLP) suitable for data submission to the U.S. Food
and Drug Administration (FDA) for clearance, generating the
most reliable and rigorous performance data on these dengue di-
agnostic devices to date.
(Some of these data were presented in a poster at the 63rd
Annual Meeting of the American Society of Tropical Medicine
and Hygiene, November 2014.)
MATERIALS AND METHODS
Human use statement. The procedures undertaken in this study were
done in accordance with the ethical standards of the Naval Medical Re-
search Unit No. 6 (NAMRU-6) institutional review board (IRB) in com-
pliance with all applicable federal regulations governing the protection of
human subjects. The following study protocols were approved for this
study: NMRC.2010.0021 for theNavalMedical Research Center (NMRC)
(Silver Spring, MD, USA), NMRCD.2010.0005 for the Naval Medical Re-
search Unit No. 6 (Lima, Peru), NAMRU2.2010.0003 for the Naval Med-
ical Research Unit-2 (NAMRU-2 PP) (Phnom Penh, Cambodia), Walter
Reed Army Institute of Research (WRAIR) protocol 1770 for the Armed
Forces Research Institute ofMedical Sciences (AFRIMS) (Bangkok, Thai-
land), CBIIB(UC)-015 for Laboratorio Regional de Diagnostico e Inves-
tigación delDengue y otras EnfermedadesVirales (LARDIDEV), Instituto
de Investigaciones Biomédicas de laUniversidad deCarabobo (BIOMED-
UC) (Maracay, Venezuela), and IRB 09-240 for the University of Texas
Medical Branch (UTMB) (Galveston, TX, USA). Study protocols were
also reviewed by public health authorities in Peru, Thailand, Cambo-
dia, and Venezuela, and permission was obtained in writing prior to
study commencement. Written informed consent was obtained from
subjects 18 years of age and older. In Texas, verbal assent was obtained
from all participants; the requirement for written consent was waived
due to the minimal risk associated with this study. For younger par-
ticipants (18 years of age), written consent was obtained from a
parent or legal guardian, and written assent was obtained from the
participant when appropriate.
Study sites. Prospective subject recruitment took place at participat-
ing clinics and hospitals in Peru, Cambodia, Venezuela, and the United
States. In Peru, this included 12 hospitals and clinics around Iquitos in
collaboration with the NAMRU-6 laboratories in Lima and Iquitos, in
Venezuela, this included twomajor general hospitals (Hospital Central de
Maracay and Hospital Instituto Venezolano de los Seguros Sociales
[IVSS] Jose Maria Carabaño Tosta) and two outpatient clinics (Ambula-
torio 23 de Enero and Ambulatorio Hospital Civil), in Cambodia, this
included one health clinic from a province outside Phnom Penh and
testing at the field laboratory atNAMRU-2, and inTexas, this included the
UTMB Emergency Department and an outpatient general medicine
clinic.
Study design. (i) Quality systems. The entire study was performed
under quality systems described in title 21 of the Code of Federal Regula-
tions, part 58 describing GLP, and title 42 of the Code of Federal Regula-
tions, part 493 describing Clinical Laboratory Improvement Amend-
ments (CLIA) laboratory requirements. Manufacturer-provided positive
and negative controls were run every day to ensure experimental device
viability in accordance with a quality control plan. A failure of the internal
and/or external controls was reported to the study monitor as invalid
results, and the specimen was retested if volume permitted. An external
regulatory consultant (MDC Associates LLC, Beverly, MA) in consulta-
tion with the site principal investigators monitored the study quality sys-
tems.
(ii) Subject recruitment. All subjects presenting to local clinics and
hospitals with high fever and suspicion of dengue were invited to partic-
ipate in the study and presented with informed consent forms. The inclu-
sion criteria for participation included fever symptoms consistent with
possible dengue (38°C oral, tympanic, or rectal; 37.5°C axillary) ac-
companied with headache, muscle and ocular and/or joint pain, and the
availability of paired samples. The acute-phase sample had to be collected
within the first 6 days post-symptom onset (p.s.o.) and the convalescent-
phase sample between 2 and 30 days after the acute-phase sample. The
majority of convalescent-phase samples were collected day 15 p.s.o. or
later (90.1%). Exclusion criteria included the following: any person not
meeting the inclusion criteria, persons with severe or acute mental or
physical disabilities, persons from whom insufficient (750 l) sera
and/or plasma volume was obtained, samples with any visible or docu-
mented problems (hemolysis, lipemia, microbial growth, failure to main-
tain a sample storage temperature 10°C, or 5 freeze-thaws), or any
person for whom a convalescent-phase sample was not available (with the
exception of persons in Texas). All withdrawals were reported to the study
monitor and documented. Symptoms and demographic information
were collected. The acceptable age of enrollment was determined by the
individual study site in collaboration with local ministries of health
(where applicable).
(iii) Test performance. Four dengue diagnostic devicesmanufactured
by Alere Inc. were evaluated in this clinical study: the SD Bioline Dengue
Duo (catalog no. 11FK45), the Panbio Dengue Duo Cassette (catalog no.
R-DEN03D), the Panbio dengue IgM capture ELISA (catalog no.
E-DEN01M), and the Panbio dengue IgG capture ELISA (catalog no. E-
DEN02G). All devices were provided by Alere and were run with strict
adherence to the manufacturer’s instructions. For all Panbio products, 10
l of whole blood, serum, or plasma was used, while the SD Bioline Den-
gue Duo required 3 drops (approximately 100 l) and 10 l of serum for
the NS1 Ag and IgM/IgG portions of the test, respectively. Positive con-
trols (pooled human IgM and IgG positive samples and contrived pooled
NS1) were run every day. Device failure, as indicated by a failure of the
positive controls to be reactive on the RDTs, did not occur in this study.
Device failure would have invalidated any data collected on that day and
required corrective action. ELISAs came with manufacturer-provided
positive and negative controls and a calibrator sample. Tests with equiv-
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ocal (ELISAs only) or invalid results (failure of internal and/or external
controls) were repeated when specimen was available.
Whole blood samples via fingersticks were used to test the Panbio
Dengue Duo Cassette only. This testing was performed by a health care
provider at the enrollment site. Venous blood specimens, whichwere then
taken to the individual central laboratories and processed into serum
daily, were collected at all prospective site. Venous blood was also pro-
cessed into plasma in Peru and Texas to evaluate the effect of different
matrices on diagnostic performance. Serum (and plasma where applica-
ble) samples were used to interrogate the Panbio Dengue Duo Cassette at
the site laboratory. All other devices were tested using only patient sera.
The matrices evaluated on each device were chosen based on the data
required to support the individual product claims. Matrix inclusion was
also influenced by logistical limitations at the clinical trial sites. Enrollees
were asked to return to the clinic 2 to 30 days after the first blood draw
only at the study sites where dengue is endemic (Peru, Cambodia, and
Venezuela), and the specimen from this visit was also used to interrogate
the dengue diagnostic devices using the same workflow as that described
for the acute-phase specimens. Samples from an additional 135 individu-
als from Thailand were selected for evaluation of the devices. These ret-
rospective specimens were selected from a larger archive of previously
characterized dengue-positive and -negative samples, with a special em-
phasis on capturing late time points (days 4 to 14 p.s.o.) and primary
infections, as well as all four DENV serotypes.
Reference testing. Blind coded aliquots of all specimens meeting the
inclusion criteria were shipped on dry ice to a central reference laboratory
in Thailand (AFRIMS). A comprehensive gold standard testing algorithm
utilizing both acute- and convalescent-phase specimens was used to de-
termine the overall dengue infection status for each individual enrollee
(Fig. 1). Virus isolation was attempted for all acute-phase samples in
C6/36 cells and visualized using a dengue ELISA as previously described
(17, 28, 29); any individual with a confirmed DENV virus culture was
considered to be dengue positive. In-house dengue IgM and IgG capture
ELISAs were also performed on all paired samples using the methods
previously described (30). These titers were interpreted by subject matter
experts, using an established algorithm. Briefly, at least 40 U of anti-
dengue IgM (wherein anti-dengue IgM must also be greater than anti-
Japanese encephalitis virus [JEV] IgM) in an acute-phase sample was con-
sidered evidence of recent dengue infection.When an acute-phase sample
was determined to be IgM positive, a dengue IgM-to-IgG ratio of 1.8
was defined as a primary dengue virus infection, while a ratio of1.8 was
defined as a secondary dengue virus infection. In the absence of dengue
IgM (40 U), subjects could still be classified as having a secondary in-
fection if their IgG titers exceeded 100Uanddemonstrably rose (2-fold)
between the acute- and convalescent-phase blood draws. Recent dengue
exposure and primary and secondary infection status were determined as
previously described (30, 31). Any individuals whose IgM and IgG ELISA
profiles were suggestive of recent dengue infection yet who did not have
isolatableDENVwere further characterized using a plaque reductionneu-
tralization test (PRNT50) (32, 33). A 4-fold rise in the PRNT titers against
DENVbetween acute- and convalescent-phase samples was interpreted as
confirmation of recent DENV infection, a rise between 2- and 4-fold was
considered to be equivocal, and any rise of2-fold was considered to be
dengue negative (34). In summary, individuals determined to be dengue
positive via our reference standard had either isolatable DENV in their
acute-phase samples or were confirmed to be serology positive for dengue
exposure based on an in-house capture ELISA and PRNT. Individuals
who tested negative for isolatable DENV as well as ELISA serology were
classified as dengue negative. A small number of individuals (1%) could
not be conclusively identified as dengue positive or negative by this refer-
ence algorithm and were classified as equivocal and excluded from the
calculations of device sensitivity. Retrospective specimens utilized in this
evaluation were previously characterized using the same techniques de-
scribed above, with the exception of PCR being used to detect acute
viremia in lieu of virus culture (35).
Statistical methods. Sensitivity, specificity, and agreement were cal-
culated with reference to the gold standard reference methodology using
widely accepted definitions (36). Confidence intervals (CIs) for sensitivity
and specificity were calculated using the exact binomial method (37). The
Z-ratio for the significance of the difference between two independent
ratios was calculated to determine whether a given sensitivity (or specific-
ity) was statistically different from another, and a P value of0.05 (two-
tailed) was considered to be statistically significant (38). Cohen’s kappa
() was used to describe the degree of agreement between populations or
tests (39).
RESULTS
Patient demographics and dengue prevalence by site. Prospec-
tive subject recruitment for this study occurred between March
2010 and April 2012 (Table 1). A total of 1,247 subjects were pro-
spectively recruited; of these specimens from 1,156 subjects met
all inclusion and exclusion criteria. The primary reason for with-
drawal from the analysis was a failure to appear for a convalescent-
phase blood draw. Other reasons for withdrawal included the
following: samples collected too late for acute- or convalescent-
phase classification (6 days for acute-phase or 30 days for
convalescent-phase), subjects withdrawing consent, insufficient
devices to run quality control testing on the day of subject enroll-
ment, insufficient sample volume collected from the subject,
and/or significant hemolysis in serum samples. No adverse
events due to the study participation were reported. A majority
of the subjects with symptoms suggestive of dengue fever in
Site  Total      Positive Negative 
Retrospective 
endemic 
 11 421 TNRP dna ,ASILE ,)etuca( RCP gnisu deziretcarahC 531
Prospective 
non-endemic 
121 Characterized by virus is  121 --- ASILE dna noitalo
Prospective 
endemic 
 Virus Isolation 
POS (acute)  
Virus Isolation 
NEG (acute)  
     
ELISA POS 
(paired)  
152 138   152 --- 
ELISA NEG 
(paired)  
8 565    8 565 
PRNT      
>4 fold rise 93  93 --- 
2-4 fold rise 11*  --- --- 
<2 fold rise 34  --- 34
Totals  377 731 
FIG 1 Reference testing results. *, number of samples showing a 2- to 4-fold rise in PRNT titers between acute- and convalescent-phase samples were classified
as equivocal and not used for calculating device sensitivity or specificity.
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Peru, Cambodia, Venezuela, and Texas presented to the clinic
for care within days 1 to 4 p.s.o. (88.3%), with the highest
number (29%) self-reporting that they had experienced high
fever symptoms for 2 days (Fig. 2). Very few individuals re-
ported to the clinic for an acute-phase blood draw on days 5 to
7 p.s.o. (5%). Symptoms at presentation included fever and
headache and occasionally included pain, rash, chills, nausea,
diarrhea, or vomiting. Approximately equal numbers of male
and female subjects were recruited at all sites (Table 1). A ma-
jority of subjects reporting to the clinic in Cambodia with sus-
picions of dengue were children 18 years of age (ages ranged
from 2 to 80, with a median of 8 years), while Peru and Vene-
zuela had a more uniform distribution of both children and
adults (5 to 85 and 1 to 61 years of age with a median of 26 and
17 years of age, respectively). Enrollees in Texas were all adults
(18 years of age), as specified in their study protocol, with an
age range from 18 to 97 years and median age of 45 years. This
study captured naturally circulating variants of all 4 DENV
serotypes from the sites where dengue is endemic (Table 2).
Peru observed only DENV-2 and DENV-4 circulating during
their study enrollment period (71% and 29%, respectively),
while Cambodia predominated with DENV-1 and DENV-2 se-
rotypes (69% and 30%, respectively), underscoring the impor-
tance of multicountry participation in order to capture sero-
type diversity. Venezuela had a balance of all 4 circulating
serotypes, with DENV-3 being the predominant serotype
(DENV-1, 22%; DENV-2, 14%; DENV-3, 50%; and DENV-4,
14%). Retrospective samples from AFRIMS were selected to
represent all DENV serotypes (DENV-1, 35%; DENV-2, 24%;
DENV-3, 31%; and DENV-4, 10%).
Among the paired, retrospective samples obtained in Thai-
land from 135 individuals, 124 had been previously character-
ized as DENV positive, while 11 had been characterized as
DENV negative (Fig. 1). All 121 study subjects in Texas were
determined to be dengue negative by virus isolation and cap-
ture ELISA. Among all specimens prospectively collected from
sites where dengue is endemic (acute and convalescent phases),
1,108 were characterized with complete reference data. Among
these, 565 individuals were negative for both virus isolation
and capture ELISA and were therefore classified as dengue neg-
ative (Fig. 1). The etiology of fever in dengue-negative patients
was not characterized further. Another 152 individuals were
determined to be dengue positive by both virus isolation and
anti-DENV IgM and IgG ELISA results, consistent with recent
dengue exposure. Interestingly, 8 individuals had isolatable
DENV but no serological response in a comparison of IgM and
IgG titers in both acute- and convalescent-phase specimens;
these samples were classified as DENV positive, but their pri-
mary or secondary infection status remained uncharacterized.
Another 138 subjects were determined to be positive by capture
ELISA, but no virus could be isolated from the acute-phase
specimen. These samples were further characterized using
PRNT; among these, 93 individuals demonstrated a rise in neu-
tralizing titers of 4-fold and were called dengue positive.
Thirty-four individuals demonstrated a rise in neutralizing an-
tibody titers of 2-fold between acute- and convalescent-
phase specimens and were classified as dengue negative. Those
individuals with rises between 2- and 4-fold were considered to
be equivocal (11 individuals), and these subjects could not be
conclusively characterized as dengue positive or negative based
on ELISA or PRNT reference results (Fig. 1).
According to the reference standard classification, the site-spe-
cific breakdown of dengue-positive and -negative individuals is
summarized in Table 2. The prevalence of laboratory-confirmed
dengue among febrile participants from sites where dengue is en-
demic ranged from 19.4% (Cambodia) and 22.4% (Venezuela) to
44.2% (Peru). Interestingly, none of the individuals enrolled in
Peru during the study were characterized as having a primary
infection, while in Venezuela and Cambodia, 10% and 19%, re-
spectively, of their subjects were characterized as such.
Rapid devices.We determined the overall diagnostic accuracy
of the SD Bioline Dengue Duo by comparing the dengue classifi-
cation of an individual, based on reference testing, to the device
result. According to the product insert, the presence of any line
(NS1, IgM, or IgG) was interpreted as positive for dengue. The
device had a sensitivity of 80.2% for days 0 to 3 p.s.o., after which
the sensitivity rose to 89.5% on days 4 to 7 and to 98.5% for days
8 to 14 p.s.o. (Fig. 3A). Over days 0 to 14 p.s.o., the SD Bioline
DengueDuodemonstrated a clinical sensitivity of 87.3% (95%CI,
84.4 to 90.2%) and specificity of 86.8% (95% CI, 84.1 to 89.4%)
when serum samples were used. The Panbio IgM/IgG Dengue
DuoCassette, on the other hand, had a lower sensitivity of 48% for
days 0 to 3 p.s.o., but the sensitivity at later time points rose to
FIG 2 Numbers of samples collected (y axis) on each day p.s.o. (x axis) at each
site from days 0 to 14 p.s.o. are shown. At prospective sites, this represents the
timeswhenpatientswith fever symptoms reported to the participatingmedical
centers for diagnosis and treatment.
TABLE 1 Subject recruitment informationa
Study site
No. of
subjects Sample dates
No. of
adults
18 yr
No. of
children
18 yr % male
Thailand 135 3/20097/2011 2 133
Cambodia 383 7/20119/2011 100 283 48
Peru 357 9/20104/2012 277 80 46
Texas 137 3/201012/2011 137 0 37
Venezuela 144 1/20112/2012 66 78 54
Totals 1,156 582 574
a Numbers of subjects at each site are listed. Archived sample collection dates for
Thailand and prospective enrollment dates for Cambodia, Texas, Peru, and Venezuela
are shown. At the Texas site, individuals provided only one sample during acute febrile
infection. At all other sites, paired samples were obtained and used in evaluating all four
diagnostic devices and reference testing. Numbers of adults and children and the
percentage of the population that was male are presented.
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89.5% for days 4 to 7 p.s.o. and to 98.5% for days 8 to 14 p.s.o. (Fig.
3A). We selected days 4 to 14 p.s.o. as a clinically useful and rele-
vant window for diagnosis using IgM and IgG responses. During
this period, we observed a clinical sensitivity of 92.1% (95% CI,
87.8 to 95.2%) when serum samples were used. The test demon-
strated comparable sensitivity using fingerstick whole-blood
(87.7%; 95%CI, 76.3 to 94.9%) or plasma (97.0%; 95%CI, 84.2 to
99.9%) samples for the same time period, and any differences in
sensitivities were not statistically significant (see Table S1 in the
supplementalmaterial). The clinical specificity of the PanbioDen-
gueDuoCassette was 62.2% (95%CI, 55.0 to 69.5%) when serum
samples were used and remained comparable for other matrices:
63.5% (55.9 to 71.0%) for whole blood and 74.6% (64.2 to 85.0%)
for plasma samples. Agreement (Cohen’s ) between the matrices
was uniformly high: 74.3% ( 0.484) between serum andwhole
blood; 92.8% (  0.856) between serum and plasma; and 80.6%
(  0.612) between plasma and whole blood.
Minor variations in serotype sensitivities were observed for the
SD Bioline Dengue Duo, with clinical sensitivities of 98.4% (95%
CI, 94.3 to 99.8%) forDENV-1, 82% (74.3 to 88.3%) forDENV-2,
92.7% (80.1 to 98.5%) for DENV-3, and 89.2% (74.6 to 97.0%)
for DENV-4 (Fig. 3B). The Panbio Dengue Duo Cassette also per-
formed equivalently on all 4 serotypes, with sensitivities of 87.9%
(76.7 to 95.0%), 97.4% (86.5 to 99.9%), 89.3% (71.8 to 97.7%),
and 87.5% (47.4 to 99.7%) for DENV-1, -2, -3, and -4, respec-
tively, on days 4 to 14 p.s.o.
For all dengue-positive specimens collected on days 0 to 3
p.s.o., the NS1 line was reactive in approximately 72% of the sam-
ples (Fig. 3C). Consistent with previous literature reports, the in-
clusion of the IgM line in the interpretation of positivity increased
the overall sensitivity to 80% during this time period (40, 41).
Over time, the sensitivity of the NS1 line alone fell to 64% on days
4 to 7 p.s.o. and to 25% on days 8 to 14, reaching 2% for con-
valescent-phase samples collected past day 15 p.s.o. Inclusion of
IgM and IgG complemented NS1 detection to produce higher
overall sensitivities (93.5% for days 4 to 7, 98.6% for days 8 to 14,
and 93.9% for day 15 onward). NS1 levels are known to correlate
with and followDENV viremia (42), and agreement was observed
at 83.2% ( 0.507) between the appearance of the NS1 line and
the ability to isolate DENV from the sample.
Some studies have demonstrated improved sensitivity of den-
gue diagnostic devices during primary versus secondary dengue
infections (43).We saw a similar trend, with theNS1 line failing to
appear in early samples (days 0 to 3 p.s.o.) more often in second-
ary infections than in primary infections. Overall, for the SD Bio-
line Dengue Duo, the clinical sensitivities of primary and second-
ary infections were 99.0% (94.61 to 100.0%) and 84.5% (80.6 to
88.0%), respectively (Fig. 3D). The Panbio Dengue Duo Cassette
was also slightly better for detection of primary versus secondary
infections (95.2% versus 90.9% sensitivity for days 4 to 14 p.s.o.).
The Panbio Dengue Duo Cassette “intended use” claims to cor-
rectly identify primary and secondary infections: the appearance
of the IgM line in the absence of IgG signifies a primary dengue
infection, while the appearance of an IgG line is indicative of a
secondary dengue infection. For samples where reference testing
determined the primary/secondary status, we found that the Pan-
bio Dengue Duo Cassette correctly identified primary infections
67% of the time when read on days 4 to 8 p.s.o. (Fig. 3D). How-
ever, if the device was used after the first 8 days p.s.o., the eventual
appearance of the IgG line on the test article misclassified the
subject as having a secondary DENV infection, leading to only
20% correct classification at these later time points. Conversely,
secondary infections were correctly classified 91% of the time
from days 4 to 14 and 100% of the time past day 8. Although the
SD Bioline Dengue Duo does not claim to distinguish between
primary and secondary infections, we found that using the exclu-
sive appearance of the IgM line led to correct identification of
primary infections 71% of the time (days 4 to 14 p.s.o.) (Fig. 3D).
As with the PanbioDengueDuoCassette, primary infections were
more likely to be misclassified as secondary infections if the test
was performed after day 8 p.s.o. The secondary sensitivity for the
SD Bioline Dengue Duo was 68% for days 4 to 14 p.s.o., generally
improving with time. With both RDTs, the highest accuracy in
determining primary or secondary infection appears to be be-
tween days 4 to 8 p.s.o. Overall, the SD Bioline Dengue Duo dem-
onstrated significantly higher specificity than the Panbio Dengue
Duo Cassette (two-tailed Z-ratio, P 0.0002), in addition to sig-
nificantly higher sensitivity on the first 3 days of illness (two-tailed
Z-ratio, P 0.0002) (Table 3).
IgMand IgGELISAs.Our evaluation of the Panbio IgMELISA
demonstrated improved sensitivity over time until it reached
nearly 100% for samples collected on days 8 to 14 (Fig. 4A and
Table 3). For samples collected between days 4 and 14 p.s.o., the
Panbio IgM ELISA had a clinical sensitivity of 87.6% (95% CI,
83.4 to 91.7%) (Table 1). The clinical specificity of the IgM ELISA
from days 4 to 14 p.s.o. was 88.1% (82.2 to 92.6%). The Panbio
IgG ELISA demonstrated a clinical sensitivity of 56.5% (95% CI,
50.2 to 62.8%) from days 4 to 14 p.s.o. The clinical specificity for
the Panbio IgG ELISA from days 4 to 14 p.s.o. was 88.4% (82.6 to
92.8%). The Panbio IgG ELISA had low sensitivities to nearly all
TABLE 2 Characterization of study participants based on reference testinga
Site
DENV
positive
Infection status Serotype
DENV
negative Equivocal
Prevalence
(%)
Primary
infection (%)Primary Secondary DENV1 DENV2 DENV3 DENV4
Venezuela 30 3 26 14 3 2 7 104 4 22 10
Texas 0 0 0 0 0 0 0 121 0 0 -
Peru 149 0 145 0 58 0 24 188 5 44 0
Cambodia 74 14 57 44 19 0 1 307 2 19 19
Thailand 124 44 80 41 24 17 5 11 0
Total 377 61 308 88 103 24 32 731 11
a The numbers of individuals considered DENV positive, DENV negative, or equivocal based on reference testing are shown. These numbers were used to calculate the prevalence
of dengue among febrile patients meeting the inclusion criteria and the rate of primary infections among DENV-positive individuals. When the virus is isolatable from the acute-
phase sample, the serotype of DENV isolated is shown.
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DENV serotypes (Fig. 4B), particularly DENV1, coincident with
an overall lower sensitivity than the IgM ELISA. The Panbio IgM
ELISAdemonstrated similar sensitivities during both primary and
secondaryDENV infections (92.5% and 85.5%, respectively) (Fig.
4C). For secondary dengue infections, the clinical sensitivity of the
IgG ELISA was 69.6% (62.7% to 76.5%), according to the in-
tended use of the product. After day 8 p.s.o., the Panbio IgGELISA
was reactive to all secondary infections.
Since IgM and IgG rise following dengue exposure, another
method of assessing the effectiveness of the Panbio ELISAs was
to compare their agreement with a reference ELISA. For this
analysis, the reference ELISA was interpreted using fixed cut-
offs for positivity for a given sample and not using a reference
algorithm for paired sera: an ELISA titer 10 was considered
positive for the IgM ELISA and21 was considered positive for
the IgG ELISA. Positive and negative percent agreements of
64.9% and 61.2%, respectively, were observed between the
Panbio IgM and the reference IgM ELISAs (0.22). The Pan-
bio IgG ELISA had a positive percent agreement of 63.0% com-
pared to in-house IgG ELISA positive specimens classified as
secondary and a negative percent agreement of 68.7% ( 
0.27).
DISCUSSION
The evaluation of infectious disease diagnostic tests using retro-
spective samples often leads to an inaccurate assessment of their
FIG 3 Rapid diagnostic test performance. (A) Sensitivities of the Panbio and SD RDTs over time are shown. (B) When virus characterization was possible, the
sensitivities of the Panbio RDT for days 4 to 14 p.s.o. and SD RDT for days 0 to 14 p.s.o. for each serotype are shown. The number of positive test results over the total
number of samples of the given serotype that were tested using the device is provided. (C) The SD Bioline Dengue Duo is reactive to DENV NS-1, IgM, and IgG; the
sensitivity of the device if the NS-1 line only, the IgM and IgG lines only, or the presence of any line (NS1/IgM/IgG) is used to interpret DENV positivity is shown to
demonstrate the temporal effectivenessof the individualDENVbiomarkers aloneand inconjunction. (D)TheRDTarticles canbeused to interpretwhether an infection
is primary (thepresenceof the IgMlinewithout IgG)or secondary (thepresenceof IgG). Samples thatwere characterizedasprimary (first column)or secondary (second
column) by the reference method were further stratified based on day p.s.o. (x axis). The RDT results are denoted using the following colors: white, the absence of any
line on the RDT suggesting a negative readout; black andwhite stripes, the presence of the NS-1 line only, suggesting dengue infection; gray, the appearance of the IgM
line on the RDTwithout an IgG line, suggesting a primary infection readout; black, the presence of the IgG line on the RDT, suggesting a secondary infection readout.
The RDT results are shown for these samples to demonstrate the effectiveness of these RDTs in correctly characterizing primary or secondary infections.
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utility at the point of need. Other groups that have evaluated the
SD Bioline Dengue Duo RDT have found sensitivities ranging
from 83.7% to 93.9% and specificities ranging from 83.9% to
98.8% (18, 43–48). The Panbio Dengue Duo Cassette RDT has
shown a reported sensitivity between 83.9% and 100% and spec-
ificity between 75%and100%(47, 49–51). ThePanbio IgMELISA
has a reported sensitivity between 45% and 96.8% and specificity
between 87.8% and 100% (46, 52–54). The Panbio IgG ELISA has
a sensitivity of around 39.8% and a specificity of around 56.4%
(46). While most of these reported ranges are in broad agreement
with our findings, there is considerable heterogeneity in the way
the studies were designed, the inclusion criteria used for the sam-
ples, and the reference testing algorithms used. The objective of
this study was to obtain reliable performance data under field use
conditions by usingGCLP quality systems in locations where den-
gue is endemic andnonendemic. A global distribution of field sites
also ensured the capture of a variety of circulating DENV strains
and serotypes and the heterogeneity of the patient population
with regard to genetic backgrounds and previous flavivirus expo-
sures. Importantly, our study included point-of-need testing by
health care providers and testing by laboratory workers without
product-specific training, a factor which has been previously
shown to affect device accuracy (45). Special emphasis was placed
on having a comprehensive reference methodology involving iso-
lation and confirmation of DENV from an acute-phase sample in
addition to a serological response indicative of recent dengue ex-
posure. Some samples testing negative by virus culture may have
tested positive using a more sensitive reverse transcriptase quan-
titative PCR (RT-qPCR) protocol. However, regulatory agencies
forwhich these datawere intended regarded virus culture to be the
definitive method of identifying acute dengue infection. As a re-
sult, we did not use RT-qPCR to identify any prospectively col-
lected acute-phase specimens. Despite the limitations inherent to
virus culture, by adding serological diagnosis in the reference al-
gorithm (Fig. 1), we feel confident that all recent DENV exposures
have been identified accurately. When needed, confirmation of
serology was performed using PRNT, themost specific serological
test currently available for identifying dengue infections. This in-
clusive approach allows for an accurate determination of the den-
gue infection status of the individual and constituted a true clini-
cal gold standard against which the diagnostic tests under
evaluation were compared.
Overall device performance was generally consistent between
sites and operators. For example, the sensitivity and specificity of
the Panbio Dengue Duo Cassette using serum samples for each
site varied no more than 10%. With whole-blood samples, the
Panbio Dengue Duo Cassette also demonstrated consistent per-
formance at nearly all sites with one noticeable outlier: the test
demonstrated a lower sensitivity (54.5%) and a higher specificity
(74.3%) in Cambodia for day 4 to 14 p.s.o. (see Table S1 in the
supplemental material); this difference was not statistically signif-
icant. The SD Bioline Dengue Duo, however, demonstrated sig-
nificantly higher sensitivity inCambodia than in Peru using serum
samples on days 0 to 14 p.s.o., (83.7% versus 71.7%, P 0.0471).
Such differences may be related to site-specific interpretation of
themanufacturer’s instructions. A loss in sensitivity at an individ-
ual field site could also be reflective of serotype- or strain-specific
differences at that particular site, as not all serotypes were seen at
all sites, and serotype-specific variations have been previously re-
ported (46–48, 55). This variability demonstrates the importance
of prospective real-world trials of diagnostic devices, particularly
RDTs which are interpreted using the naked eye, as different op-
erators and/or clinic conditions can affect the perceived product
performance.
Despite occasional variability, all test articles demonstrated
improved sensitivity over time. Use of the RDTs and ELISAs may
therefore be implemented with sequential sampling strategies to
enhance diagnostic accuracy. The effectiveness of certain markers
TABLE 3 Device performance using serum for all sites, stratified by days p.s.o.a
Day p.s.o. Test article
No. of specimens that were:
Sensitivity (95% CI) (%) Specificity (95% CI) (%)TP FN FP TN
0–3 Panbio RDT 120 130 213 371 48.0 (41.7–54.4) 63.5 (59.5–67.4)
4–8 145 17 56 90 89.5 (83.7–93.8) 61.6 (53.2–69.6)
9–14 64 1 9 17 98.5 (91.7–100.0) 65.4 (44.3–82.8)
15 248 5 242 339 98.0 (95.5–99.4) 58.3 (54.2–62.4)
4–14 209 18 65 107 92.1 (87.8–95.2) 62.2 (54.5–69.5)
0–3 SD RDT 206 51 57 429 80.2 (74.8–84.9) 88.3 (85.1–91.0)
4–8 159 11 24 93 93.5 (88.7–96.7) 79.5 (71.0–86.4)
9–14 69 1 2 23 98.6 (92.3–100.0) 92.0 (74.0–99.0)
15 232 15 73 495 93.9 (90.2–96.6) 87.1 (84.1–89.8)
0–14 434 63 83 545 87.3 (84.1–90.1) 86.8 (83.9–89.3)
0–3 IgM ELISA 83 166 41 540 33.3 (27.5–39.6) 92.9 (90.6–94.9)
4–8 143 28 19 124 83.6 (77.2–88.8) 86.7 (80.0–91.8)
9–14 68 2 1 24 97.1 (90.1–99.7) 96.0 (79.7–99.9)
15 199 48 41 530 80.6 (75.1–85.3) 92.8 (90.4–94.8)
4–14 211 30 20 148 87.6 (82.7–91.4) 88.1 (82.2–92.6)
0–3 IgG ELISA 40 216 45 530 15.6 (11.4–20.7) 92.2 (89.7–94.2)
4–8 79 90 18 127 46.7 (39.0–54.6) 87.6 (81.1–92.5)
9–14 56 14 2 25 80.0 (68.7–88.6) 92.6 (75.7–99.1)
15 226 24 56 508 90.4 (86.1–93.8) 90.1 (87.3–92.4)
4–14 135 104 20 152 56.5 (49.9–62.9) 88.4 (82.6–92.8)
a The numbers of true positives (TP), false negatives (FN), false positives (FP), and true negatives (TN) of the test article when compared with the reference method are provided,
and sensitivity [TP/(TPFN)] and specificity [TN/(TNFP)] are calculated. The upper and lower bounds for confidence intervals (95%) are also shown.
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(e.g., NS1 or viral nucleic acid quantified by qPCR) wanes even as
that of others (e.g., IgM followed by IgG) rise (Fig. 3C and 4A).
These temporal patterns have been reported before, and in agree-
ment with previous literature reports, we found that the most
sensitive and useful tests are those that use a combination of NS1,
IgM, and IgG (56). We found that regardless of country, most
patients seekmedical attention for dengue-like symptoms on days
0 to 3 p.s.o. (92.3%), and during this period, the SD Bioline Den-
gue Duo performed significantly (P 0.0002, two-tailed Z-ratio)
better than all other devices. This was true for both primary and
secondary infections and can be attributed to the inclusion of NS1
detection in this device. The SD Bioline Dengue Duo was also
more specific than the PanbioDengueDuoCassette (P 0.0002),
making it the more accurate RDT. Although this study is themost
comprehensive evaluation of these products to date, previous
groups have assessed the sensitivities and specificities of these de-
vices. The results for the SD Bioline Dengue Duo in this study are
in agreement with the results from these studies (previously ob-
served sensitivities and specificities of 80.7 to 93.9% and 83.9 to
97.9%, respectively), despite slight differences in sample timing
and reference testing methodologies (18, 43, 45, 47, 48). This
study is also the first to demonstrate the SD Bioline Dengue Duo’s
effectiveness in distinguishing between a primary and secondary
infection when read on days 4 to 8 p.s.o. Secondary infection has
been correlated with a higher risk of proceeding to severe dengue,
and correct identification may improve triage decisions in limit-
ed-resource settings, especially when a secondary case presents
with other CDC warning signs (such as stomach ache, bloody
stool, lethargy, etc.) (57).
The Panbio IgM ELISA also demonstrated high accuracy in
identifying acute DENV infection past day 4 p.s.o. Its specificity
was better than that of the Panbio Dengue Duo Cassette RDT, but
comparable to that of the SD Bioline Dengue Duo rapid test. The
Panbio IgM ELISA may serve as an effective tool for laboratory-
based diagnosis of hospitalized subjects. Sequential samples col-
lected through the progression of illness may be tested, with en-
hanced sensitivity for later time points. The Panbio IgG ELISA, on
the other hand, demonstrated poor sensitivity (56.5%) and did
FIG 4 ELISA performance. (A) Sensitivities of the IgM and IgG ELISAs over time are shown. (B) When virus characterization was possible, sensitivities of the
IgM and IgG ELISAs for days 4 to 14 p.s.o. for each serotype are shown. The number of positive test results over the total number of samples of the given serotype
that were tested using the device is provided. (C) Samples that were characterized as primary (first column) or secondary (second column) by the reference
method were further stratified based on day p.s.o. (x axis). The ELISA results are denoted using the following colors: white, negative ELISA result; black, positive
ELISA result. The ELISA results are shown for these samples to demonstrate the effectiveness in identifying primary and secondary infections.
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not appear to be effective for identifying acute dengue infections.
It was more reactive to secondary dengue infections (sensitivity of
69.6%) and therefore may demonstrate better clinical sensitivity
when used between days 4 to 14 p.s.o. in settings where dengue is
endemic. This format may have utility in epidemiological studies
for identifying exposure-related seroconversion, but evaluation of
that application is beyond the scope of this study. The ELISA for-
mat enables testing of multiple samples on a single plate and can
provide economies of scale when used for hospital-based testing
during larger outbreaks. However, compared to rapid tests,
ELISAs do pose a higher logistical burden on the laboratory in
terms of time and training requirements. In most low-incidence
outbreaks, the RDTs demonstrated high negative predictive val-
ues (NPV): the SD Bioline Dengue Duo demonstrated NPV of
95.9% in Cambodia, 79.6% in Peru, and 97.5% in Venezuela (see
Table S1 in the supplemental material), making RDTs an effective
test to screen out nondengue infections. In this scenario, the pos-
itive test results may benefit from laboratory confirmation. Dur-
ing large outbreaks and especially when the testing is performed
after day 3 p.s.o., the IgMELISA is likely to provide a good balance
between positive predictive values (PPV) and negative predictive
values (PPV of 81.4% for days 4 to 8 p.s.o. and 96.6% for days 8 to
14 p.s.o.). The decision to adopt a specific diagnostic solution will
depend on various factors, including device characteristics (see
Table S2 in the supplemental material), cost, availability of cold
chain transportation, days p.s.o. when patient samples are being
tested, insurance reimbursement, and/or physicians’ preferences.
One notable limitation of representing stratified data is that
any stratification may also result in biased sampling based on a
different variable. For example, the majority (88 out of 122 spec-
imens) of the primary dengue specimens were retrospectively col-
lected. Some devices demonstrated improved performance when
archived specimens were utilized. For example, the SD Bioline
Dengue Duo had a sensitivity of 97.5% when evaluated using ret-
rospective specimens (AFRIMS) selected from days 0 to 14 p.s.o.
compared to sensitivities of 83.8%, 71.7%, or 93.3% for prospec-
tively collected specimens from Cambodia, Peru, or Venezuela,
respectively (see Table S1 in the supplemental material). This ap-
parent increase could be due to the overrepresentation of primary
infections or late acute-phase specimens among the archived spec-
imens or the underrepresentation of certain serotypes during pro-
spective collection at the individual sites. For the purposes of this
publication, study result claims were limited to broader insights
on sensitivity and specificity that have adequate statistical rigor to
be universally generalizable and directly attributable to use of the
device for dengue diagnosis.
In conclusion, we conducted a quality systems controlledmul-
ticountry prospective evaluation of four commercially available
dengue diagnostic devices. The results of this assessment are re-
ported herein in accordance with Standards for Reporting of Di-
agnostic Accuracy (STARD) guidelines for diagnostic evaluation
(58).We conclude that the clinical sensitivity and specificity of the
SD Bioline Dengue Duomake it a useful tool at the point-of-need
for diagnosing patients suspected of having dengue in low-re-
source settings. We also establish that the low specificity of the
Panbio Dengue Duo Cassette may necessitate confirmatory test-
ing of all RDT-positive specimens. The Panbio dengue IgMELISA
may serve as a reliable assay for such confirmatory testing. The use
of an inexpensive, reliable RDT at the point of need enhances the
ability of front-line health care providers to utilize their limited
resources better, thereby reducing the economic burden of this
globally pervasive disease.
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